A sensitive high-performance liquid chromatography method coupled with photodiode array detection was developed for the simultaneous determination of six major constituents in Flaveria bidentis (L.) Kuntze: hyperoside, patuletin-3-O-glucoside, isorhamnetin 3-sulfate, astragalin, 6-methoxykaempferol-3-O-galactoside and a-terthienyl. The chemical fingerprint of Flaveria bidentis (L.) Kuntze leaves was established using raw materials of 12 batches in China. The chromatographic separations were obtained by using an Eclipse XDB-C18 reserved-phase column (150 3 4.6 mm i.d., 5 mm) using gradient elution with water (0.0125% trifluoroacetic acid, v/v) and acetonitrile at a flow rate of 1.0 mL/min, an operating temperature of 308 8 8 8 8C and a detection wavelength of 360 nm. The new method was validated by linearity, limits of detection and quantification, precision, reproducibility, stability and recovery, and was also successfully applied to the simultaneous determination of components in Flaveria bidentis (L.) Kuntze. The results indicate that this multi-component determination method in combination with chromatographic fingerprint analysis is suitable for the quantitative analysis and identification of Flaveria bidentis (L.) Kuntze.
Introduction
Flaveria bidentis (L.) Kuntze, an annual weed of Flaveria Juss. (Asteraceae), is native to South America, primarily Argentina, and was recently found in China (1, 2) . It is an invasive plant because of its extremely strong reproductive and survival abilities (3). F. bidentis was first recorded in China in 2001. It is now widely distributed in Hebei province, Shandong province and Tianjin City in China. F. bidentis is a highly dangerous exotic weed in China, damaging native ecosystems and causing great economic losses (4) . In China, much attention has been paid to the biological and ecological characteristics of this weed, but little attention has been paid to its chemical constituents; some of the components might be allelochemicals that influence the growth and development of agricultural and biological systems.
A literature survey has shown that flavonoids are the major bioactive components found in F. bidentis (5, 6) , and the genus Flaveria is known to be a good source of flavonoid sulfates (5 -7) . Pharmacological investigations have concluded that flavonoids have considerable antioxidative properties and antibacterial bioactivities (8, 9) . Sulfated flavonoids represent highly charged water-soluble organic molecules that possess unique biochemical properties, such as anticoagulant activity and aldose reductase inhibiton (5, 6, 10) . As a naturally occurring secondary plant metabolite, a-terthienyl has attracted much interest for its potential to be developed as photoactivatable insecticide and larvicide (11, 12) .
Because F. bidentis is distributed in different areas of China, the contents of its components vary greatly depending on the geographical locations, climate and other factors. Some other species of genus Flaveria have also been found, which makes it even more difficult to identify and collect it. Analysis of its chemical fingerprint has been accepted by the World Health Organization (WHO) (13), Food and Drug Administration (FDA) (14) and other authorities for the quality assessment of herbal medicines (15) . To analyze the potential allelochemicals and bioactive components in F. bidentis, and to distinguish F. bidentis from other species, characteristic fingerprint analysis was utilized upon this invasive plant.
The present study developed a high-performance liquid chromatography method with photodiode array detection (HPLC-DAD) by optimizing the extraction, separation and analytical conditions for characteristic fingerprint analysis in combination with the simultaneous determination of six major components in F. bidentis, including hyperoside (Compound 1), patuletin-3-Oglucoside (Compound 2), isorhamnetin 3-sulphate (Compound 3), astragalin (Compound 4), 6-methoxykaempferol-3-O-galactoside (Compound 5) and a-terthienyl (Compound 6) ( Figure 1 ). The combination of chromatographic fingerprint analysis and simultaneous determination of the major components offers a more comprehensive strategy for the quality assessment and species differentiation of F. bidentis.
Experimental

Materials and reagents
Twelve batches of F. bidentis leaves were collected from four different areas in China including Hebei, Shandong, Tianjin and the test field of the Chinese Academy of Agricultural Sciences (Beijing) during the flowering stage of the plant. The samples of different parts of the plant (flowers, roots, stems and leaves) were collected from the test field of Chinese Academy of Agricultural Sciences (Beijing). All samples were identified by Dr. Guoliang Zhang (Chinese Academy of Agricultural Sciences).
Reference standard compounds hyperoside (Compound 1), patuletin-3-O-glucoside (Compound 2), astragalin (Compound 4) and 6-methoxykaempferol-3-O-galactoside (Compound 5) were isolated by counter-current chromatography (CCC) in the authors' previous research (16) and isorhamnetin 3-sulfate (Compound 3) was isolated by CCC in the authors' laboratory. The purity of all reference compounds was more than 97% (HPLC). Reference standard compound a-terthienyl (Compound 6) was purchased from Sigma-Aldrich (St. Louis, MO).
All organic solvents used for sample preparation were of analytical grade and purchased from Beijing Chemical Factory (Beijing, China). HPLC-grade methanol was purchased from Beijing Chemical Factory. Acetonitrile used for HPLC analysis was of chromatographic grade and purchased from Dikma Technologies (Lake Forest, IL). HPLC-grade trifluoroacetic acid (TFA) was purchased from J&K Chemical (Beijing, China). Water for HPLC analysis was purchased from Wahaha Water Company (Beijing, China) and filtered through a 0.45 mm membrane before use.
Instrument and chromatographic conditions
The HPLC equipment used was a Shimadzu LC-20A system equipped with two LC-20AT solvent delivery units, an SPD-M20 DAD, an SIL-20A autosampler, a CBM-20A controller, a Class-VP-LC work station (Shimadzu, Kyoto, Japan) and an AT-950 column oven (Automatic Science Instrument Co., Tianjin, China).
Different HPLC parameters were examined and compared, including various columns, mobile phases and column temperatures. Finally, analysis was conducted at 308C on an Eclipse XDB-C18 column (150 Â 4.6 mm i.d., 5 mm). A linear gradient elution of eluents A (acetonitrile) and B (0.0125% TFA, v/v, in water) was used for analysis. The elution program was optimized and conducted as follows: a linear gradient of 14 -18% A (0 -25 min), 18-95% A (25-50 min) and 95% A (50-60 min). After a 10 min equilibration period, the samples were used for injection. The peaks were recorded using DAD absorbance at 360 nm and the solvent flow rate was kept at 1 mL/min. 6-methoxykaempferol-3-O-galactoside (Compound 5) and a-terthienyl (Compound 6)] were prepared by dissolving them in methanol. They were diluted to seven concentrations for the construction of calibration curves. Each concentration of standards was analyzed in triplicate. All calibration curves were constructed from peak areas of the reference standards versus their concentrations. Further dilutions with the lowest concentrations in the calibration curves were conducted to provide a series of standard solutions for evaluating the limits of detection (LOD) and quantification (LOQ) of the compounds.
Preparation of standard solutions and calibration curve
Preparation of sample solutions
The air-dried samples of F. bidentis were smashed into powder, passed through a 40-mesh sieve and stored in a desiccator before analysis. Different extraction factors were tested, including concentrations of ethanol, solid to liquid ratios and extraction times. Finally, each dried sample (2.0 g of powder) was extracted by refluxing twice at 808C with 60 mL of 80% (v/v) ethanol for 75 min. The obtained solutions were adjusted to 100 mL in a volumetric flask. The solutions were filtered through a 0.45 mm membrane before HPLC analysis. An amount of 20 mL of the solution was injected for HPLC analysis. The contents of the compounds were determined by HPLC based on external standard curves.
Method validation
The method was validated by linearity, LODs and LOQs, precision, reproducibility, stability and recovery following the International Conference on Harmonization (ICH) guideline (17) and some reports on determination analysis (18, 19) .
Similarity calculation of HPLC fingerprint analysis
Data analysis was performed by the Similarity Evaluation System for Chromatographic Fingerprint of Traditional Chinese Medicine (Version 2004A), which was recommended by State Food and Drug Administration (SFDA). The software was employed for synchronization and quantitative comparison between different samples. The correlation coefficients of entire chromatographic profiles of the samples were calculated, and the simulative mean chromatogram was also calculated and generated. The similarities of different chromatographic patterns were compared with mean chromatograms between the tested samples. In addition, the relative retention time (RRT) and relative peak area (RPA) of each characteristic peak related to the reference peak were also calculated for the quantitative expression of the chemical properties in the chromatographic pattern of F. bidentis leaves.
Results and Discussion
Optimization of HPLC conditions
Optimizing the HPLC separation procedure for quantitative analysis was a difficult process because of the highly complex chromatographic profile and the similar polarities of some of the compounds.
Different HPLC parameters were examined and compared, including various columns (Apollo C18, 150 Â 4.6 mm i.d., 5 mm; Figure 1 . Structures of the six major components in F. bidentis: 30, 35, or 408C) . Finally, the Eclipse XDB-C18 column (150 Â 4.6 mm i.d., 5 mm) was found to be the best for this application. Four different acids, including formic acid, acetic acid, phosphoric acid and TFA, were each added to the mobile phase to enhance the resolution and eliminate the peak tailing of the target compounds. Among those, TFA was found to be the best. Figure 2 shows the separation of an extract of F. bidentis leaves (Beijing) using different concentrations of TFA in the mobile phase. Peak 3 was analyzed as isorhamnetin 3-sulfate. Interestingly, with a decrease in the percentage of TFA, the resolution of Peak 3 was increased because the pH of the solvent remarkably affects the polarity of flavonoid sulfates. Peaks 2 and 3 showed baseline separation when the TFA percentage was 0.0125% ( Figure 2C ). Acetonitrile and water containing 0.0125% TFA were chosen as the mobile phase at 308C, and a gradient elution program was performed to ensure that each compound could be well separated. Based on the maximum absorbance of the marker compounds in the ultraviolet (UV) spectrum of the three-dimensional chromatograms obtained by DAD detection, the detection wavelength was set at 360 nm, at which all marker compounds could be detected and had adequate absorbance values. Finally, the optimized HPLC conditions were established by comparing the resolution, baseline, elution time and number of characteristic peaks in each chromatogram after repeated testing. Figure 3 shows the typical separation of a standard mixture ( Figure 3A ) and extracts of F. bidentis leaves of different origins ( Figures 3B-D) obtained under the previously optimized HPLC conditions.
Method validation of quantitative analysis
The method was validated in terms of linearity, LOD and LOQ, precision, reproducibility and recovery tests.
Calibration curves, LOD and LOQ Methanol stock solutions containing the six analytes were prepared and diluted to appropriate concentrations for construction of the calibration curves. Satisfactory calibration curves of the six major components were obtained with the correlation coefficients . 0.999 for all analytes. LOD and LOQ, which were expressed by 3-and 10-fold the signal-to-noise ratio (S/N), were also acquired. According to the concept of LOD, in practice, the noise and signal are manually measured on the chromatogram printout. LOD corresponds to the analyte amount for which the S/N is equal to 3, and LOQ corresponds to the analyte amount for which the S/N is equal to 10. Detailed information regarding the calibration curves, linear ranges, LOD and LOQ is listed in Table I .
Precision
The precision of the method was evaluated by analyzing the standard solutions containing the six standard compounds at three different concentration levels (high, middle and low). The experiment was repeated six times on the same day and on three consecutive days to determine intra-day and inter-day precision, respectively. Relative standard deviation (RSD) of the peak area for each of the marker compounds was calculated and ranged from 1.46 to 2.09%.
Reproducibility and stability
To test the reproducibility of the assay, six independently prepared samples of F. bidentis leaves (Beijing) were prepared and analyzed in parallel. Variations were expressed as RSD. The stability was tested at room temperature and samples were analyzed in triplicate at 0, 4, 8, 12, 16 and 24 h. The RSD values were lower than 2.60% for all components.
Recovery test
The recovery test was conducted by the standard addition method. Low, medium and large amounts of the six standards were each added to the known sample of F. bidentis leaves (Beijing), and then extraction and analysis were conducted as described previously. The mean recovery and RSD were determined according to the following formulas: recovery (%) ¼ (amount found 2 original amount) / amount spiked Â 100%, and RSD (%) ¼ (SD/mean) Â 100%. The mean recovery of the six compounds was 97.93-102.7%. The HPLC -DAD method was precise, accurate and sensitive enough for the simultaneous quantitative evaluation of the six compounds in F. bidentis.
Sample analysis
To utilize the invasive weed, it is important to analyze the contents of the active constituents in F. bidentis samples from different origins and different parts of the plant. This method was successfully applied for the quantitative analysis of the six constituents in the F. bidentis samples collected from different areas in China. Representative chromatograms of the extracts of F. bidentis leaves from different areas are shown in Figure 3 , and the chromatograms of different parts of F. bidentis (Beijing) are shown in Figure 4 . All contents are summarized in Table II . Concerning a single component in samples from different, astragalin (Compound 4) was the major compound, the contents of which varied 4.8-fold from 2.57 to 12.41 mg/g. The highest contents of astragalin (Compound 4) in F. bidentis leaves were found in the sample from Heibei province. Data showed significant differences in the contents of the six compounds among samples from different areas. Many factors may contribute to the variation of contents, such as plant origin, genetic variation and growth environment. Data regarding the different parts of F. bidentis showed that the flower contains the highest contents of all six compounds, whereas the root only contains a-terthienyl (Compound 6) and the stem contains very low contents of the six compounds.
Establishment of chromatographic fingerprint of F. bidentis leaves and similarity evaluation To obtain a common pattern, standard samples of good quality are needed to establish a mean chromatogram. To establish the chromatographic fingerprint, the leaves were chosen because they are easy to collect. Twelve batches of F. bidentis leaves . HPLC conditions were the same as in Figure 2C . from four different areas in China were selected as the standard samples. The average chromatogram of the 12 batches of F. bidentis leaf samples was as assumed to be the common pattern of F. bidentis leaves ( Figure 5 ). Peaks existing in all chromatograms of the samples were assigned as the common peak. The chromatograms of F. bidentis leaves containing 13 distinct common peaks within 60 min are shown in Figure 5 . Peak 5 (astragalin) was chosen to calculate the RRT and RPA. The RRT and RPA of characteristic peaks in 12 samples are shown in Table III . All chromatograms were evaluated in terms of similarity by calculation of the angle cosine value of original data (20) . Therefore, a similarity analysis was conducted by comparing with the common pattern, and the results are shown in Table IV . The closer the cosine values are to 1, the more similar the two chromatograms. The similarity values of all 12 samples were more than 0.88, and the similarity values of different batches from the same area were almost the same. The F. bidentis leaves samples from Shandong province were the most similar to the mean fingerprint. Samples with the smallest similarity value or below a certain value, 0.8 for example, were regarded as unqualified or different species. Therefore, if 0.8 is set as an appropriate threshold, it is easy to identify the samples based on the chromatographic fingerprint.
Conclusion
Based on HPLC-DAD, a simple quantitative and qualitative method was established for the simultaneous analysis of six major compounds in F. bidentis. The method proved to have good linearity, precision, repeatability, stability and recovery. For the first time, the HPLC fingerprint of F. bidentis leaves has been successfully established. Twelve batches of F. bidentis leaves from four different areas were assessed and distinguished by chromatographic fingerprint analysis in combination with similarity analysis. It is demonstrated that HPLC coupled with multiple compound determination and fingerprint analysis is a powerful, practical tool for the comprehensive quality control and identification of F. bidentis. This information is also expected to be helpful for the effective control of this exotic weed The ratio between peak area of target and internal reference substance. ‡
The internal reference substance. 
